The structural and magnetic properties of spinel compounds CoB2O4 (B=Cr,Mn and Fe) are studied using the DFT+U method and generalized gradient approximation (GGA). We concentrate on understanding the trends in the properties of these materials as the B cation changes, in terms of relative strengths of crystal fields and exchange fields through an analysis of their electronic densities of states. We find that the electron-electron correlation plays a significant role in obtaining the correct structural and electronic ground states. Significant structural distortion in CoMn2O4 and "inverted" sublattice occupancy in CoFe2O4 affects the magnetic exchange interactions substantially. The trends in the magnetic exchange interactions are analysed in terms of the structural parameters and the features in their electronic structures. We find that the Fe states in CoFe2O4 are extremely localised, irrespective of the symmetry of the site, which makes it very different from the features of the states of the B cations in other two compounds. These results provide useful insights into the trends in the properties of CoB2O4 compounds with variation of B cation which would help in understanding the results of recent experiments on doping of Mn and Cr in multiferroic CoCr2O4.
I. INTRODUCTION
Semiconductor oxides in spinel structure have drawn considerable attention over many decades as apart from their potentials as technologically important materials [1] [2] [3] [4] [5] they serve as a class of materials to understand fundamental physics of magnetic interactions, electron-electron correlations and coupling of various degrees of freedom. Magnetic spinels with different magnetic cations at crystallographic inequivalent sites are interesting due to the challenges they pose in understanding the complexities that arise out of different magnetic interactions. The technological importances of magnetic spinels have been reaffirmed by the recent discovery of multiferrocity in CoCr 2 O 4 6 .Various collinear and non-collinear structures populate the phase diagram 7, 8 of this material as a direct consequence of interplay of magnetic exchanges, electronelectron correlation and structural distortions. In order to explore possible multi-functionalities in this multiferroic, very recently, attempts were made to study material properties by adding a third magnetic atom. The substitution of Cr by Fe resulted in new phenomena like magnetic compensation,sign reversal of Exchange Bias (EB) effect 9-11 at a critical temperature and significant magnetostriction 12 . Recent structural and magnetic studies 13 upon substitution of Cr by Mn in CoCr 2 O 4 too showed a composition and temperature induced magnetisation compensation, along with a composition dependent structural transformation.
These results imply that the substitution of Cr by another magnetic atom renormalises the intra and intersublattice magnetic interactions and can be directly connected to the novel magnetism related phenomena. However, in order to understand the basic physics of such complex phenomena and interpret the experimental observations, one need to have a clearer understanding at the microscopic level. Such understanding can be achieved if the end compounds that is CoCr 2 O 4 ,CoMn 2 O 4 and CoFe 2 O 4 are investigated in a systematic manner and various physical properties of these materials are understood at a microscopic level, that is, from their electronic structures.
The standardised parameter-free approach to calculate the electronic structures and the physical properties is the various implementations of the Density Functional theory (DFT) 14 .There is no systematic exploration of the compounds under consideration here using DFT based electronic structure methods. There have been very few DFT based calculations of CoCr 2 O 4 15, 16 and of CoFe 2 O 4 17-19 only. These calculations provided important insights into the interrelations of sub-lattice occupancies, structural properties and magnetic properties of these materials on the basis of their electronic structures.
In this communication, we present a systematic study of the three compounds CoB 2 O 4 (B=Cr,Mn,Fe) with the focus on understanding the similarities and differences in their electronic structures, and thus the structural and magnetic properties in particular. We do these using DFT based calculations. Detailed information on the structural parameters, their influences on the electronic structures, the variations in the crystal fields and exchange fields and their effects on the magnetic properties as one changes the B element are provided. These results serve as important prerequisites to analyse the systems when they are doped with a third magnetic atom. The paper is organised as follows: section II details the computational tools used, section III provides and analyses the results followed by the conclusions.
II. COMPUTATIONAL DETAILS
We have used DFT+U 20 method for all our calculations in order to address the electron electron strong correlation effects which is necessary for oxide systems. The crystal structure of spinel compounds AB2O4.The A,B and oxygen atoms are shaded in green,purple and red respectively. used the approach of Dudarev et al 21 where the effects of on-site Coulomb correlation and Hund's coupling are represented through an effective parameter U ef f = U −J, U being the strength of the Coulomb interaction and J the Hund's coupling. In our calculations, J has been kept at 1 eV as previous DFT calculations for a number of transition metal oxides showed that J remains nearly constant for the entire transition metal series 22 . The coulomb parameter U has been taken to be 3 eV for Cr, 4 eV for Mn and Fe, 5 eV for Co. The rationale behind such choices have been explained earlier 16 . The self-consistent quantum mechanical equations are solved using the projector augmented wave (PAW) 23 basis set as implemented in VASP code 24 . The exchange correlation part of the Hamiltonian was treated with the PBE-GGA 25 functional. A plane wave cut off of 550 eV and a 5 × 5 × 5 mesh centerd at Γ point for Brillouin zone integrations have been used throughout to ensure an energy convergence of 10 −7 eV. For structural relaxations the convergence criteria of force on each atom was set to be 10 −4 eV/Å.
III. RESULTS AND DISCUSSIONS
A. Modeling of the sub-lattice occupancy and spin configuration
The spinel structure belongs to cubic space group F d3m with two types of cation sublattice-A and B. The A sublattice has tetrahedral symmetry and is usually occupied by a cation in +2 state. The B sublattice has octahedral symmetry and is usually occupied by a cation in +3 state (Figure 1 ). One formula unit of spinel consists of one A sublattice and two B sublattices. In case of one B atom occupying the tetrahedral positions by displacing the A atom to the octahedral sites, the structure is known as 'Inverse Spinel'. Among the three compounds under consideration, the CoCr 2 O 4 is found to be crystallising in 'Normal spinel' structures 26 . In case of CoMn 2 O 4 , although the sub-lattice occupancy conforms to that of spinel, the crystal structure is tetrago- , we found a magnetic configuration in which the spins at the sites of a given sub-lattice are anti-parallel, giving rise to a zero magnetic moment at each sub-lattice, lowest in energy. However, the energy of the Neel configuration is higher by about only 1 meV per atom. This result indicates that the actual magnetic ground state of CoMn 2 O 4 would be frustrated. In subsequent analysis we have considered only the Neel configuration therefore.
B. Structural parameters
The lattice parameters obtained after full structural relaxations using DFT+U for the three compounds are given in Table I . Figure 4 shows that in case of CoCr 2 O 4 , the higher lying e g states of octahedral Cr 3+ are empty while the e 1 g configuration of Mn 3+ in CoMn 2 O 4 implies degeneracy associated with this level. In order to lift the degeneracy, the symmetry of the crystal structure is lowered, giving rise to the tetragonal ground state. The largeness in the tetragonal distortion can be understood from the (t 2g )
3 (e g ) configuration of the Mn 3+ ions as explained by Dunitz and Orgel 33 . In case of CoFe 2 O 4 , the degeneracy associated with the t 2g orbitals of the Co 2+ ions leads to the lowering of the cubic symmetry. The small value of the distortion can once again be understood from the (t 2g )
5 (e g ) 2 of the Co atom in the octahedral site 33 .
C. Electronic Structure and Magnetic moments
The configurations of d electrons at different cation sites play the most important role in determining the electronic and magnetic properties of spinel oxides.According to crystal field theory 34 , the electronic configuration depends on the relative strengths of the crystal field(CF) and intra-atomic exchange field(EX). In this subsection, we attempt an understanding of the relation between the structural distortions and electronic structures in CoB 2 O 4 compounds by investigating the relative strengths of crystal field splitting and exchange splitting through an analysis of the densities of states. Consequently, this would lead to the understanding of the electronic and magnetic properties of these systems.
The schematic representation of electrons in d levels in Fig. 4 , based upon crystal field theory, shows that in a tetrahedral crystal field, the e g levels lie lower than the t 2g levels due to direct electrostatic repulsion between the t 2g orbitals and the surrounding anion orbitals, while in an octahedral crystal field, the order is reversed as the e g orbitals are repelled in this case. Upon tetragonal distortion, the e g levels associated with the octahedral sites further split into two levels with d x 2 −y 2 orbital at a energy higher than d z 2 , and the t 2g level splits into a higher d xy level and a lower doubly degenerate d zy (d zx ) level when c/a > 1. The spacings of these energy levels depend on the strengths of the crystal fields and the exchange fields.
In Table II we present results for crystal field splitting (∆ CF ) and the exchange splitting (∆ EX ) for the three compounds. These results are obtained without incorporation of correlations that is by setting U ef f = 0. A comparison of results for the three show that the stronger exchange splitting associated with the t 2g states, in comparison to crystal field splitting, is a common feature for the compounds. This should lead to high spin states for both magnetic cations. The results suggest that for all three materials, the five-fold 3d crystal degeneracy is barely broken for the down spin(↓)channel of A site. Therefore, irrespective of the chemical identity of the species at A site, this spin band is nearly full. to the other two. The outcome of the competition between the crystal field splitting and the exchange splitting would affect the semiconducting band gap in these materials. In case of CoCr 2 O 4 , equally strong exchange splitting and crystal field splitting at Cr site decides the gap. For the other two compounds, weaker crystal field splitting compared to the exchange splitting at B sites should result in decrease in the band gap as the B occupation changes from Cr to Mn and Fe. However, with the GGA only calculations, ground states of CoMn 2 O 4 and CoFe 2 O 4 are metallic.This is because of the presence of finite densities of t 2g states at the Fermi level of B site atoms (Not shown here). This can be correlated to the fact that without the inclusion of strong correlations, CoMn 2 O 4 crystallizes in cubic structure, thus unable to obtain the symmetry breaking of the d orbitals and distribution of states on both sides of the Fermi level. In case of CoFe 2 O 4 ,the distortion at the Co site is small and thus the local symmetry is barely broken, resulting in the localisation of states at the Fermi level. The inclusion of electron-electron correlation through GGA+U Co states are unoccupied and centred around 2-4 eV, while the 2 e g electrons are localised between -1 eV and -2 eV in the up(↑) spin channel. This gives rise to a magnetic moment of about 3 µ B at the Co site (Table III) . At the Cr site, the incorporation of strong correlation does not have a very significant effect on the t 2g states, the t ↑ 2g states are still fully occupied with the electrons localised near the Fermi level while the fully unoccupied t ↓ 2g states are pushed towards higher energies. The t 2g states thus weakly hybridise with the oxygen states. The e g band is nearly empty as it was when calculations were done without incorporating U ef f . This results in a magnetic moment of nearly 3µ B for Cr atoms as well, with the sign of the moment opposite to that of Co atoms (Table III) .
In CoMn 2 O 4 ( Fig. 6) 35 . In Figure 6 (bottom panel), we indeed see this happening. The half-filled d ↑ z 2 gives rise to distinct peaks at around -6 eV and at around 1 eV. The d x 2 −y 2 states are more delocalised, having participated in hybridisations with oxygen p states. The down (↓) spin channel is nearly empty, leading to a Mn moment of nearly 4 µ B (Table III) . The lifting of degeneracy has less effect on the t 2g states except that they are more delocalised in In CoFe 2 O 4 , different sub-lattice occupancy due to the 'Inverted' structure introduces qualitative differences of both A and B sites densities of states (Fig. 7) . The introduction of strong correlations pushes the unoccupied states in the spin up band towards higher energy. The completely filled spin down band has electrons extremely localised around -6 eV to -7 eV allowing little hybridisations with the oxygen states.This leads to a moment of 4 µ B for Fe T atoms. At the octahedral site, there are two types of atoms, Fe O and Co. We see qualitatively very different features of the states associated with these two atoms. The e ↓ g band is completely empty for either atoms. For Fe O , the t ↑ 2g band is completely full and is extremely localised around -6 eV to -7 eV. Thus, irrespective of the crystal environment, Fe states are localised in CoFe 2 O 4 . The Co states in the octahedral sites are, however, delocalised, particularly in the spin up band. The distortions associated with the Co site, breaks the t 2g degeneracy only slightly. In the down spin band, the d zx , d yx states give rise to states near Fermi level(peaks close to -1 eV). (Table III) .
The comparative study of the electronic structure, thus, shows that the Co states are delocalised irrespective of the crystal environment while the Fe states are extremely localised in CoB 2 O 4 compounds considered. This would have important consequences on the magnetic exchange interactions and therefore the spin structures of the pristine compounds as well as in doped systems which have been investigated experimentally only recently 9, 12, 13 . In the next subsection we compute and discuss the magnetic exchange interactions of these compounds.
D. Magnetic Exchange Interactions
The magnetic exchange interactions are computed by mapping the GGA+U total energies of different collinear spin configurations on to a Heisenberg Hamiltonian 16 . The results for the nearest neighbour interactions are presented in Table IV .The higher neighbour exchange interactions are smaller by an order of magnitude and hence they are not considered for discussions. The results show that the A-A interactions are the weakest and therefore, is not expected to play any significant role. This is consistent with the discussion by Kaplan 36 . In CoCr 2 O 4 , the A-B and B-B exchange interactions are comparable. In this case B site t 2g orbitals are halffilled. So direct B-B interactions is possible, apart from the super-exchange via oxygen atoms. Moreover, nearly empty e g orbitals reduces the anion shielding as partial covalency via e g orbitals are possible. However, since the A site t 2g orbitals are half-filled and the B site e g orbitals are nearly empty as seen from the densities of states, the A-B interactions ceases to be the strongest. Therefore, the A-B and B-B interactions are comparable for CoCr 2 O 4 . Due to these two interactions being comparable, the spin structure of CoCr 2 O 4 is not collinear 37 as has been observed in the experiments. The calculation of the so called LKDM parameter 38 which characterises the magnetic structure of cubic spinels also confirmed this picture 16 . In CoMn 2 O 4 , the A-site t 2g orbitals are halffilled while the B-site e g orbitals are less than half-filled and degenerate. This should lead to a strong antiferromagnetic A-B interaction which indeed is observed in our calculations (J Co−M n = −3.48 meV). As for the B-B interaction, the B-site t 2g orbitals are half-filled and so direct B-B interactions, apart from super-exchange via oxy- gen is possible. However, the strength of this interaction would depend on the inter-cation distance 35 . Due to the tetragonal distortion, the in-plane Mn-Mn distances are short (∼ 2.88Å) and thus the direct interactions are extremely strong∼ −9.5 meV (Table IV) . The out-of-plane Mn-Mn distances are, on the other hand are ∼ 3.11Å. This weakens the B-B interactions and are only ∼ −1.05 meV. This huge anisotropy in the exchange interactions due to the tetragonal distortion leads to a complicated non-collinear spin structure 27 . This anisotropy in the CoMn 2 O 4 was discussed earlier 39 but was never calculated from first-principles. Our calculations provided the quantitative credence to the original idea.
In case of CoFe 2 O 4 , the overwhelmingly dominant interactions are the A-B interactions as is seen from our calculations. This explains the reason behind a collinear spin structure of this system. The reason behind this strong antiferromagnetic A-B interaction is that the A site t 2g orbitals and B site e g orbitals (for both Fe and Co at B site) are half-filled. The reason behind a weak Co-Co and Co-Fe interactions at the B site is that the Co t 2g orbitals are more than half-filled and degenerate and hence no direct B-B interactions occurs between them. Fe O -Fe O interactions are stronger than these two as the t 2g orbitals of Fe O are half-filled and hence direct interactions are possible. However, since the Fe O e g orbitals are also half-filled, partial covalency with anions is also not possible(as seen in the extremely localised Fe densities of states), leading to a large anion shielding and a subsequent reduction in the B-B interaction in comparison to the A-B interaction.
The ferrimagnetic transition temperatures (T C ) are calculated using these exchange interactions and under mean field approximation, as done in Ref. 16 . Our calculated results and a comparison with experimental values are presented in Table IV . As expected, the critical temperatures calculated by a Mean field approximation overestimates the values. However, the calculated values reproduce the trends seen in the experiments with CoFe 2 O 4 having a large T C due to very large values of J AB while the other two have rather small values of T C due to competing J AB and J BB leading to non-collinear magnetic structures.
IV. CONCLUSIONS
We have performed a systematic investigations into the structural and magnetic properties of CoB 2 O 4 magnetic spinels by changing the B cation using first-principles Density functional theory based methods. The understanding of the properties of these compounds is done by quantifying the relative strengths of the crystal field effect and the exchange effect through an analysis of their electronic structures. We find that the electron-electron interactions of the magnetic cations play a very important role and without the incorporation of this, the correct ground state structures cannot be obtained. The strong electron correlations are responsible for significant local structural distortions at the octahedral site and global tetragonal distortions for CoMn 2 O 4 . These are responsible for the trends in the electronic properties such as the band gap. The electronic structures of these compounds are significantly different as the B site cation is changed. This, in turn, affects the inter-atomic magnetic exchange interactions considerably and is responsible for very different spin structures of these systems. In this work, for the first time, understanding of the trends in the magnetic properties are attempted through proper quantification of the associated quantities and by providing necessary explanations from the trends in the local structural parameters and the electronic structures. The results hold immense significance with regard to the recent experimental results on Co(Cr 1−x Fe x ) 2 O 4 and Co(Cr 1−x Mn x ) 2 O 4 systems, where the chemical properties of the third magnetic atom in CoCr 2 O 4 , the sublattice occupancies and the structural distortions are thought to be giving rise to interesting functional properties. In future communications, these issues will be addressed.
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